Poor crop establishment of direct-seeded rice (DSR) is one of the major constraints to wide adoption of DSR, particularly in areas prone to flooding after sowing or where fields are not level. Seed pelleting is an effective, practical and facile technique to enhance crop establishment under unfavorable environmental conditions. To evaluate the effects of seed pelleting on rice germination, seedling growth and associated metabolic events under waterlogging stress, various seed pelleting treatments including formulae, pelleting times (the weight ratio of pelleting agents: rice seeds = 1:1~7:1 (w/w) and CaO 2 contents were tested in series of experiments. Naked seeds were maintained for comparison as a control. Pelleting treatments with CaO 2 significantly increased seed germination and seedling growth of DSR under waterlogging conditions compared with pelleted seeds without CaO 2 and naked seeds. The optimum weight ratios of CaO 2 to dry seeds were found to be in the range of 0.6:1-1:1 based on seed germination and seedling growth performance under waterlogging conditions. Under waterlogging conditions, high seed germination percentage and vigorous seedling growth of DSR due to seed pelleting with CaO 2 was associated with an increase in α-amylase activity, but decrease in alcohol dehydrogenase (ADH) and pyruvate decarboxylase (PDC) activities in pelleted seeds.
CK: naked seeds. CP: Calcium peroxide. CP1: Seeds were pelleted by pelleting agents with 10% of CaO 2 at a pelleting time of 1. CP3: Seeds were pelleted by pelleting agents with 10% of CaO 2 at a pelleting time of 3. CP5: Seeds were pelleted by pelleting agents with 10% of CaO 2 at a pelleting time of 5. CP7: Seeds were pelleted by pelleting agents with 10% of CaO 2 at a pelleting time of 7. NCP1: Seeds were pelleted by pelleting agents without 10% of CaO 2 at a pelleting time of 1. NCP3: Seeds were pelleted by pelleting agents without 10% of CaO 2 at a pelleting time of 3. NCP5: Seeds were pelleted by pelleting agents without 10% of CaO 2 at a pelleting time of 5. NCP7: Seeds were pelleted by pelleting agents without 10% of CaO 2 at a pelleting time of 7. Seed germination data were recorded from 3 DAS until constant at 8 DAS. Error bars indicate standard error (n = 3). germination of rice directly sown into flooded soil, and improved plant growth [27] [28] [29] [30] . However, little work has been done regarding the comparative performance of different seed pelleting formulae in enhancing the submergence tolerance of rice and to explore the mechanisms of pelleting-induced stress tolerance. The objectives of the present study were (1) to examine the effects of various seed pelleting formulae with various pelleting times (the weight ratio of pelleting agents: rice seeds = 1:1~7:1 (w/w)) on seed emergence performance under waterlogging conditions during seed germination and (2) to unravel the physiological and biochemical changes in rice seedlings under the influence of seed pelleting and waterlogging stress to obtain a better understanding of pelleting-induced mechanisms.
Results
Experiment 1: Rice seed germination and seedling growth between pelleted and naked rice seeds under waterlogging conditions. Seed germination. There were significant (p ≤ 0.05) variations in rice seed germination percentages among different seed pelleting treatments under waterlogging conditions (Fig. 1) . The seed germination percentages were significantly higher in the pelleting treatments with 10% of CaO 2 than those pelleting treatments without CaO 2 and naked seeds under waterlogging conditions. Furthermore, the seed germination percentage was increased as the pelleting times increased (Fig. 1) . Nevertheless, seed pelleting without CaO 2 was not effective in rice seed emergence under waterlogging conditions. At 8 DAS, the maximum seed germination percentages were above 80% in all formulae, when pelleted with 10% of CaO 2 at a pelleting time of 7 under waterlogging conditions. While the seed germination percentage of naked seeds was only 31.1%.
Seedling growth. Pelleting treatments with CaO 2 significantly enhanced rice seedling growth under waterlogging conditions compared with pelleted seeds without CaO 2 and naked seeds. Moreover, seedling growth parameters were increased as the pelleting times increased ( Table 2 ). The highest plant growth parameters were observed in pelleting treatments with 10% of CaO 2 at a pelleting time of 7 (Table 2) . On average, seed pelleting with CaO 2 treatments significantly increased the shoot length, root length, shoot fresh weight, and root fresh weight by 92.99%, 33.49%, 119.39%, and 87.93%, respectively, compared with naked seeds control. While seed pelleting treatments without CaO 2 did not consistently increase seedling growth parameters compared to the naked seed control. No significant differences in seedling growth parameters were observed among different formulae, as well as pelleting treatments without CaO 2 and naked seed control. Experiment 2: Effects of different CaO 2 contents and pelleting times on seed germination and early seedling growth of pelleted rice under waterlogging conditions. Seed germination. All of the pelleting treatments with CaO 2 significantly enhanced rice seed emergence of rice compared with pelleted without CaO 2 and naked seed control (Fig. 2) . When the weight ratio of pelleting agents to rice seed was 1:1, an increase in CaO 2 content significantly increased the germination percentage under waterlogging conditions. The maximum germination rates at 8 DAS were 87.8% and 84.4% in formulae 1 and 2, respectively, when the CaO 2 content in the pelleting agents was increased to 60%. When the pelleting times were 3:1 or 5:1, the highest seed germination percentages were observed at a CaO 2 content of 20%. When the pelleting time was increased to 7:1, the germination percentages of pelleted seeds decreased with the increase in content of CaO 2 , and the highest germination rates at 8 DAS were 86.7% and 83.3%, respectively, at 10% CaO 2 content in formulae 1 and 2.
Seedling growth. All of the pelleting treatments with CaO 2 significantly enhanced rice seedling growth compared with pelleted without CaO 2 and naked seed control in both formulae 1 and 2 ( Table 3 ). The highest seedling growth parameters were found at 60% of CaO 2 content when the pelleting time was 1:1; at 20% of CaO 2 content when the pelleting times was 3:1 or 5:1; at 10% of CaO 2 content when the pelleting times was 7:1 in both formulae 1 and 2. The shoot length, root length and their fresh weights increased with the increase in CaO 2 content, but these parameters were decreased when the weight ratio of CaO 2 to rice seed was over 1:1. When the pelleting time was increased to 7:1, seedling growth parameters showed continuing downward trends as the content of CaO 2 increased in formulae 1 and 2 under waterlogging conditions.
The optimum weight ratio of CaO 2 to dry seeds was determined based on the highest germination percentage and the best seedling growth, which was achieved under a certain CaO 2 content at a certain pelleting time. In this study, the optimum weight ratio of CaO 2 to dry seeds was at 0.6:1-1:1 (a CaO 2 content × a pelleting time). Adverse effects on seed germination and seedling growth was observed when the ratio was over 1:1. Table 1 . Formulae of rice seed-pelleting agents used in the experiments. In experiment 1, Formulae 1-4 were adopted. In experiment 2, Formulae 1 and 2 were adopted. In experiment 3, Formulae 1 and 2 were adopted. In field experiment, Formulae 1 and 2 were adopted.
growth. Results revealed that seed pelleting treatments at a pelleting time of 3:1 with 20% of CaO 2 significantly (p ≤ 0.05) enhanced seed germination and seedling growth compared with naked seeds under waterlogging conditions, while there were no significant differences in seed germination and seedling growth between pelleted seed treatments and the naked seed control under normal condition ( Fig. 3 and Table 4 ). The germination percentages in the two pelleted treatments under waterlogging conditions and three treatments under normal conditions were above 86.9%, which was significantly higher than naked seeds (45.6%) under waterlogging conditions (Fig. 3) . Table 2 . The effect of different seed pelleting formulae with various pelleting times on seedling growth parameters of direct-seeded rice under waterlogging conditions (1.5 cm water layer) at 8 DAS in Experiment 1. Pelleting time is the weight ratio of pelleting agents to rice seeds. Within a column under each pelleting formula, means followed by different letters are significantly different at a 0.05 probability level according to a least significant difference (LSD) test. The naked seeds control were not involved in three-way ANOVA. FW: fresh weight. ** and * denote significance at the 0.01 and 0.05 probability level, respectively. ns: non-significant. Amylase activity. Waterlogging reduced the α-amylase activity of rice seeds or seedlings compared with normal conditions (Fig. 4) . Even under normal conditions, the two pelleting treatments slightly increased the α-amylase activity compared with the naked seed control. Under waterlogging conditions, both of the seed pelleting treatments at the pelleting time of 3:1 with 20% of CaO 2 content significantly improved the starch metabolism of rice seeds or seedlings. In all treatments, α-amylase activities were progressively increased and achieved the highest values at 7 DAS.
ADH and PDC activities. ADH activities in rice seeds or seedlings were significantly higher under waterlogging conditions than under normal conditions (Fig. 5a ). Under waterlogging conditions, both seed pelleting treatments significantly decreased the ADH activities in rice seeds or seedlings compared with the naked seeds. There were no variations in ADH activities between two seed pelleting treatments under waterlogging or normal conditions. However, seed pelleting treatments didn't affect the ADH activities in rice seeds or seedlings consistently. The ADH activities in naked seeds under waterlogging conditions continuously increased as seed germination progressed. While in the other five treatments, the ADH activities were progressively decreased as seed germination progressed. Under waterlogging conditions, both seed pelleting treatments significantly decreased the PDC activities in rice seeds or seedlings compared with the naked seeds (Fig. 5b ). There were no variations in PDC activities between two seed pelleting treatments under waterlogging or normal conditions.
Field experiment: Performance of pelleting treatments on seed germination and early seedling growth of pelleted rice under waterlogging conditions in field. Seed germination and Seedling growth. Seed pelleting treatments at a pelleting time of 3:1 with 20% of CaO 2 significantly (p ≤ 0.05) enhanced seed germination and early seedling growth compared with naked seeds under waterlogged field conditions, while there were no significant differences between the two seed pelleting treatments ( Fig. 6 and Table 5 ). These were consistent with the results from the growth chamber experiments. On average, the germination percentages of the two pelleting treatments were 33.75% higher than the naked seeds. The shoot length, root length, shoot fresh weight, and root fresh weight in the pelleting treatments were increased by 65.06%, 33.86%, 172.61%, and 182.53%, respectively, compared with naked seeds control.
Discussion
Waterlogging seriously impeded seed germination and early seedling growth of DSR, pelleting treatments with calcium peroxide significantly increased seed germination and improved seedling growth. Ellis and Setter reported that the presence of O 2 in the floodwater was critical for the survival of seedlings under waterlogging conditions 31 . Miro and Ismail reported that rice seeds failed to develop roots and leaves even though they can germinate in submerged conditions 32 . Under waterlogging conditions, the elongations of the coleoptile and mesocotyl were stimulated, which facilitated the exposure to air 33, 34 . However, the fast elongation of the coleoptile and mesocotyl consumes much energy. Sometimes, waterlogging results in plant death if energy reserves are depleted before emergence 35 . In this study, coleoptiles of the pelleted rice seeds with optimal CaO 2 content first expanded in a thin layer, and later, the coleoptile formed a sturdy morphology and rapid expansion of leaf after contact with air, while the naked seeds seldom germinated. Baker and Hatton reported that the available oxygen increased as the content of CaO 2 increased 36 . In this study, increased content of CaO 2 in the pelleting agents significantly increased the oxygen release to flooding water. In Experiment 2, an increase in the content of CaO 2 from 10% to 60% at a pelleting time of 3:1, resulted in an increase in the amount of oxygen released from CaO 2 by 106% (data not shown). Previous reports suggested that elevated oxygen tension may be highly toxic to embryos, root development and root elongation 37 . The chemical reactions of CaO 2 and water, which usually occur as 2 CaO 2 + 2 H 2 O → 2 Ca(OH) 2 + O 2 , produce large amounts of calcium hydroxide and could form an alkaline environment for seeds when pelleted with excessive CaO 2 . In this study, CaO 2 was added in the pelleting agents increased available oxygen for seed respiration during germination, relieved the anoxia or hypoxia caused by waterlogging conditions. In addition, CaO 2 may inhibit the proliferation of anaerobic microorganisms, which negatively affect the seed germination. A similar research reported that the germination of seeds coated with streptomycin or a mixture of streptomycin and CaO 2 was significantly reduced as compared with that of seeds coated with only CaO 2 , which implied that limitation of bacterial pathogens with CaO 2 might not be as important as O 2 supply in crop establishment under waterlogging conditions 38 . However, we could not exclude the sterilization effect from CaO 2 during seed germination in this study. The importance of the antimicrobial effect from CaO 2 will be evaluated in the future research.
During rice seed germination, oxygen plays an important role on decomposition of reserves in endosperm. While oxygen is limited under waterlogging conditions. CaO 2 produce large amounts of oxygen in water. Under aerobic conditions, α-amylase activity in rice seedlings was maintained at higher level because of higher expression of Amy1A gene compared with that in flooded soils 39 . The α-amylase in rice is likely playing a crucial role for the successful degradation of starch into carbohydrates in the anoxic rice endosperm. Perata et al. and Guglielminetti et al. indicated that α-amylase activity of the anaerobically germinated rice seeds was markedly lower than that presented in aerobic conditions 40, 41 . Moreover, Saddam et al. proclaimed that submergence stress severely reduced α-amylase activity by limiting starch degradation, therefore, rice seed reserves were not well metabolized under submerged conditions 42 . The above findings were consistent with our results that extremely low α-amylase activities were observed for naked rice seeds or seedlings under waterlogging conditions. Table 5 . The effect of two seed pelleting treatments on seedling growth parameters of direct-seeded rice under waterlogging conditions at 9 DAS in Field Experiment. Within a column under each water condition, means followed by different letters are significantly different at a 0.05 probability level according to a least significant difference (LSD) test. P 0 : non-pelleted naked seeds; P 1 : Seed pelleting time of three with CaO 2 content of 20% in formula 1; P 2 : Seed pelleting time of three with CaO 2 content of 20% in formula 2. FW: fresh weight.
Pronounced increases in α-amylase activities were recorded in seed pelleting treatments with CaO 2 under waterlogging conditions. One of the best characterised plant responses to waterlogging is the metabolic switch from aerobic respiration to anaerobic fermentation. Under submerged conditions, glycolysis and alcoholic fermentation are important processes for the energy production of seeds or seedlings 31, 42 . The two key enzymes involved in glycolysis and alcoholic fermentation are ADH and PDC [43] [44] [45] . Magneschi and Perata noted that the inhibited aerobic respiration under submergence conditions resulted in reduced energy production and supply of intermediates needed for seed germination and seedling growth 46 . Several reports had revealed the importance of increases in ADH and PDC activities in acceleration of plant growth and survival under anoxia [47] [48] [49] [50] . Tolerance to waterlogging stress during seed germination was expressed as rapid germination, coleoptile elongation, anaerobic respiration to sustain energy supply, and maintenance of the cellular extensibility of the growing embryo 14, 34 . Energy supply is indeed a key factor for rice tolerance to oxygen deficiency. Plants tolerant of anaerobiosis maintain an active fermentative metabolism for a relatively long time 46 , that accelerates carbohydrate consumption that can be expected to increase the energy production 51 , with a 2-3-fold increase in glycolytic flux under anoxia with respect to the aerobic control 50 . Under aerobic conditions, activities of fermentative enzymes, ADH and PDC were decreased to 1/10-1/5 compared to that under anaerobic conditions 52 . In this study, seed pelleting treatments with CaO 2 decreased the ADH and PDC activities in rice seeds or seedlings compared with the naked seeds under waterlogging conditions. This was because CaO 2 increased the solubility of O 2 in water under waterlogging conditions, which may transfer to aerobic respiration in rice seeds or seedlings, thus providing enough energy for the survival or growth of rice seeds or seedlings under submergence conditions.
Conclusively, seed pelleting with CaO 2 can alleviate the negative effects of flooding stress on rice seed emergence and seedling establishment. High seed germination percentage and vigorous seedling growth due to seed pelleting was associated with an increase in α-amylase activity, but decreases in ADH and PDC activities in pelleted seeds. Seed pelleting with CaO 2 could be used as a strategy to improve the crop establishment of direct-seeded rice, when seeds suffered from waterlogging soon after seed sowing. However, more exact mechanisms underlying the waterlogging tolerance induced by seed pelleting with CaO 2 will be addressed in the future. And the effects of seed pelleting treatments need to be wide demonstrated and popularized in practical production.
Materials and Methods
Seed source. Seed of a widely grown Indica rice cultivar viz., Huanghuazhan (HHZ, inbred) were obtained from the Crop Physiology and Production Center, Huazhong Agricultural University, Wuhan, China. The initial germination rate of the seeds was >93%. Healthy and filled seeds selected from the same seed lot were used for all of the experiments. Prior to experimentation, seeds were stored in a refrigerator (−4 °C).
Seed pelleting treatments. Based on previous research, four seed pelleting formulae were adopted for present studies (Table 1 ). In general, the pelleting formula consists of pelleting agents, including clay, talc, attapulgite and bentonite (all were produced by Shijiazhuang Keying Refractory Material Co., LTD, China) and the adhesive (solution of 1.5% (w/w) polyvinyl alcohol, produced by Sinopharm Chemical Reagent Co., LTD, China). The rice seeds were pelleted with a minitype seed coater (produced by Shanghai Huanghai Drug Testing Instrument Distribution CO., LTD, China) using the following procedures: Firstly, the seeds were quickly soaked in the tap water then air-dried without visible moisture on the surface of seeds. Secondly, 1/4 of the total pelleting agents were slowly placed into the rotate pan of the seed coater (200 mm diameter) at the rotating speed of 45 rpm. Then, the pre-treated seeds were placed into the pan, after then, 1/4 of the total adhesive was sprayed onto the seed surface for 2 min while rolling. Thirdly, another 1/4 of the total pelleting agents were added into the rotate pan with 1/4 of the total adhesive sprayed onto the seed surface, this step was repeated twice. Finally, after all of the pelleting agents and adhesive were added, the pan was continuously rotated for 5 min. The pelleted seeds were then air-dried for 2 days at room temperature. Naked seeds were used as a control.
In Experiment 1, four pelleting formulae were used (Table 1) . To evaluate the effectiveness of CaO 2 on seed germination and seedling growth under waterlogging conditions, two treatments were set in each formula, with 10% (w/w) CaO 2 (with a purity of 70%) and without CaO 2 , and each treatment included various pelleting times (1, 3, 5 or 7). Because the germination and seedling growth performance of pelleted seeds with CaO 2 was better compared to naked seeds as well as pelleted seeds without CaO 2 , in Experiment 2, formula 1 (best performance) and 2 (previously reported) were selected. In order to examine the effectiveness of different contents of CaO 2 on seed germination and seedling growth, based on the proportions of ingredients unvaried, the CaO 2 content were set as 0%, 10%, 20%, 40% and 60% (w/w) in each pelleting formula with various pelleting times (1, 3, 5 and 7). In Experiment 3, the pelleting formulae were the same as that in Experiment 2, however, only 20% (w/w) of CaO 2 content at a pelleting time of three was adopted in Experiment 3.
Experimentation.
Growth chamber experiments were carried out in the Crop Physiology and Production Center, Huazhong Agricultural University, Wuhan, China during October 2015 to July 2016. Plastic trays 31.0 cm × 20.0 cm × 12.0 m in size were filled with 7.50 kg of puddled soil which was collected from the field and then soil surface was leveled in trays. In each tray, 30 rice seeds for each treatment were equally sown on the soil surface in experiment 1 and 2 with three replications. In experiment 3, four replications with four trays with 1.5 cm water depth and the other four replications without standing water were used to sample for determinations of α-amylase, alcohol dehydrogenase and pyruvate decarboxylase activity. The experiments were laid out in a completely randomized design. All of the trays were placed in a growth chamber with a 12 h light period and a constant temperature of 25 °C. The humidity during the course of the study was maintained at 60% in the growth chamber. Water was applied to all trays when their moisture content declined. Germination of seeds was recorded on a daily basis according to AOSA until a constant count was achieved 53 . Seeds were considered to be germinated when the hypocotyl length exceeded 2 mm. Seed germination percentage was taken as the ratio of the number of seeds germinated to the total number of seeds sown and was expressed as a percentage. At 8 DAS, 6 seedlings were randomly sampled from each treatment to record their shoot and root lengths. The seedlings were dissected into roots and shoots and their fresh weights were recorded immediately. For determination of α-amylase activity, 1.0 g of dry seeds (0 DAS) and seedlings sampled at 1, 3, 5 and 7 DAS including shoot and root were ground and mixed with 100 ml distilled water, and left for 24 h at 4 °C and then the mixture was filtered with filter paper (Whatman No. 42). The enzyme activity was determined by the dinitro-salicylic acid (DNS) method 54 . To determine alcohol dehydrogenase activity and pyruvate decarboxylase activity, 0.1 g dry seeds (0 DAS) and seedlings sampled at1, 3, 5 and 7 DAS were ground and detected by an alcohol dehydrogenase assay kit and a pyruvate decarboxylase test kit (Nanjing Jiancheng Bioengineering Institute).
The field experiments were conducted at the Zhangbang Village, Dajin Town, Wuxue County, Hubei Province, China, in May 2016. In case of seed floating or stress from waterlogging conditions when heavy rains occurred soon after direct sowing, 20% (w/w) of CaO 2 content at a pelleting time of three in formulae 1 and 2, which were consistent with that in Experiment 3. The treatments were randomly arranged using a randomized block design with four replicates. The plot area was 5 m 2 . The water layer in each plot was kept 2-3 cm until the seed germination was stable. The germination of seeds was recorded on daily basis according to AOSA (1990) until a constant count was achieved. Germination percentage was taken as the ratio of the number of seeds germinated to the total number of seeds sown and is expressed as a percentage. At 9 DAS, 10 seedlings were randomly sampled from each plot to record their shoot and root length. The seedlings from each plot were then dissected into roots and shoots, and their fresh weight was recorded immediately.
Statistical Analysis. Data were analyzed to confirm variability following analysis of variance using Statistix 9.0. In the experiment 1 & field experiment, we used one-way ANOVA, pelleting treatments as grouping factors, germination, root length, shoot length, root fresh weight, shoot fresh weight as response variables. In the experiments 2 & 3, we used three-way ANOVAs, with formulae, CaO 2 contents and pelleting times as grouping factors, germination, root length, shoot length, root fresh weight, shoot fresh weight as response variables. But the naked seeds were not involved in three-way ANOVAs. The differences between treatments were separated using a Least Significance Difference (LSD) test at a 0.05 probability level.
